Power distribution networks with distributed generations may experience faults. It is essential to promptly locate the fault for fast repair and restoration. This paper presents a novel method for identifying the faulted section and accurate location of faults that occur on power distribution grid. Appropriate matrices are set up to represent meter locations on the grid and the topology of the grid. The voltage and current measurements obtained are utilized to decide the fault sections. Then fault location is determined by solving equations that link measurements and fault locations through bus impedance matrix. The method is applicable to both single and simultaneous, multiple faults that may occur on unbalanced, meshed distribution networks with distributed generations.
Introduction
There is an increasing deployment of distributed renewable sources such as wind and solar generation in power distribution networks. These distributed generations (DG) will alter the common one direction power flow and complicate protection scheme. The output of DG is quite intermittent and uncertain. When faults occur on the network, it is pivotal to quickly locate the fault before any repair can be done. So, speedy and accurate fault location is key to fast system restoration following fault occurrence [1] .
Various fault location methods for distribution system have been proposed in the past [1] . The authors of [2] design a single-ended fault location method by injecting a traveling wave into the circuit and applying the cross time-frequency reflectometry technique. An optimization method based on integer programming is proposed to determine the faulted line section in [3] . In [4] , a method for identifying fault location by using voltage transient waveforms in distribution systems is presented. Reference [5] describes an integrated impedance and transient-based formulation for fault location in distribution systems. The authors in [6] discuss a method for identifying faulted segments on multi-phase distribution primaries using sequence component modeling and standard three-phase short-circuit solvers. Machine-learning is utilized in [7] to pinpoint fault location by using smart meters along the primary feeders. The author of [8] presents a fault location method for radial distribution networks. A discussion of fault location observability for distribution system is provided in [9] . In [10] , algorithms for locating simultaneous faults are proposed by using measurements either from all sources or selected locations.
There is still a need for methods to deal with: unbalances of distribution system, presence of DG, modeling of shunt capacitances of feeders, occurrence of simultaneous multiple faults, and any type of faults. This paper aims to fill this gap and propose a graph based method for identifying faulted sections and fault location method for locating single or multiple faults.
The rest of the paper is organized as follows. Section 2 presents the fault section identification method. Section 3 describes the proposed fault location method. Evaluation studies are presented in Section 4, followed by conclusion.
need to be estimated from voltage measurements. The derivation of line currents based on voltage measurements is presented in Section 2.1. If current measurements are available, they will be used directly for identifying the faulted sections.
Derivation of Line Currents
This section presents the developed module for obtaining the line currents in terms of voltage measurements and line impedances. Figure 1 depicts the diagram of a three-phase line section. Buses p and q represent the two terminals of this line section. Bus p comprises nodes p 1 , p 2 , and p 3. Bus q includes nodes q 1 , q 2 , and q 3 . The remaining notations are explained as follows: 
In a similar way to (1), shunt currents that flow out from node p 2 , and p 3 can be written as
Equations (1) - (3) can be written in a compact format as follows: 
Voltage at node p 1 can be derived as 
Equations (5) - (7) can be written in a compact format as 
Based on (8), line currents on phase A, B, and C can be acquired as 
The total line currents on phase A, B and C are given by
Substituting (4) and (9) into (10) 
Equation (11) represents the total line current on each phase in terms of node voltages, shunt admittances, and line impedances. Consequently, if voltage measurements are known, line currents on corresponding line sections can be obtained, which will be used for fault section identification.
Fault Section Identification
This section presents the fault section identification algorithm based on current measurements or derived current values and graph theory. The algorithm is based on two matrices, a current vector I and a connection matrix N. The current vector I consists of currents flowing through the section boundaries. Note that the currents utilized are fundamental frequency phasors.
The network is represented as a directed graph consisting of nodes and arcs (i. e., branches). The connection matrix N is defined based on the connection of sections through nodes and the reference current direction. Let N kl denote the kth row, and lth column of N. Then matrix N is formulated as follows:
1. For a system with k branched sections and l nodes, the dimension of the matrix N is k by l.
2. N kl = 1, if node l has a reference current flowing into the kth section. It is noted that the direction of reference current can be arbitrary.
Fault section identification vector is given by
The magnitude of each element of F S indicates whether a fault occurs in the corresponding section or not. In practice, F S will be calculated for phase A, B, and C, separately. Take phase A as an example,
where F Sa is the fault section identification vector for phase A. If the k th row of F Sa is much larger than the pre-fault value, then a fault involving phase A occurring in section k is indicated. It is evident that the resolution fault section identification depends on the number of meters placed on the grid. The more meters available, the more accurate the fault section identification will be. Ideally, if there will be meters placed at each end of every feeder, then the exact faulted section will be able to be systematically identified by the proposed method. In practical applications, network partition will depend on availability and location of meters.
It is noted that the fault section algorithm works for both single and multiple simultaneous faults for all fault types.
The fault section identification method is illustrated based on a 21-bus system, which is shown in Figure  2 . The network will be divided into sections to demonstrate the algorithm developed. It is assumed that the currents at the boundaries of the sections are obtained by recording devices. These currents make up the current vector I. 
Network Partition I
This part presents the fault section identification algorithm for the network being partitioned into four sections. Figure 3 depicts the network partition, where the arrow symbol indicates the reference current direction, symbol N represents the switching and recording devices, and symbol S represents the sections. Provided that switching devices are available, the faulted sections once detected can be quickly isolated. 
The current vector I consists of currents flowing through the section boundaries:
where subscript T denotes transpose. The currents are labeled in Figure 3 .
Substituting (14) and (15) into (12), fault section identification vector F S is obtained as
Network Partition II
Another way of partitioning the network is presented in this section, where the network is divided into eight sections as shown in Figure 4 . 
The current vector is
where subscript T denotes transpose. The currents are labeled in Figure 4 . By using (12), the fault section identification vectors are obtained as
It is evident that the more areas into which the network is partitioned, the finer resolution the fault section identification result will have.
Proposed Fault Location Method
Once the faulted sections are identified, accurate fault location will be calculated using the method described in this section. The method to be presented is generic and is applicable to single or multiple faults. Figure 5 illustrates a multiple fault scenario, where two faults occur at fault points 1 and 2 on feeder 1 1 and 2 2 , respectively [10] . The current injections to the network include the line currents at the sources and the fault currents. Therefore, the voltage during the fault at any bus can be written as
Now assume that the voltages at buses 1 and 2 are known. The following two equations are obtained:
or in a compact format,
where, 
The fault current vector is obtained as
The voltages at the fault points are expressed as
Since the fault resistances only consume real power, the imaginary part of the complex power consumed by the fault resistance is zero,
where Imag(.) yields the imaginary part of its argument. Then, the two unknown fault locations can be determined by solving this set of real equations. The derivation indicates that voltage measurements from any bus can be utilized for the fault location algorithm. But it is natural to use the voltages at the source buses since meters are required to record source currents at source locations.
Note that this method can be applied to both a meshed network and a radial network that contains only one source at the local substation.
Evaluation Studies
This section presents the evaluation studies for verifying the effectiveness of the proposed methods. Matlab [11] has been utilized to simulate different fault sections, types, locations, and fault resistances. A 21-bus distribution system is utilized for evaluation studies, which is shown in Figure 2 .
Case studies of the fault section identification algorithm are demonstrated in Section 4.1, with multiple scenarios including single fault and multiple simultaneous faults. After fault sections have been identified, then the proposed fault location algorithm can be applied to pinpoint the fault location. Studies of fault location algorithm are shown in Section 4. 
For section 4.1, measurements from edges of fault sections are utilized. Measurement from meters placed at bus 1, 14 and 20 are used for section 4.2. In the study, an estimation error of 0.2 % is utilized for all measurements to make the case studies closer to real practices.
Fault Section Identification
This section presents the evaluation studies for the developed fault section identification algorithm.
Network Partition I
This part presents the fault section identification results of network partition I. Cases with different fault sections and fault types are studied. The pre-fault fault section identification vectors are listed in Table 1 . In the table, columns 1 list the section numbers. The fault section identification vectors of phase A, B, and C are listed in columns 2-4, respectively. The identification vectors shown in Table 1 are mainly due to load currents. For the single fault study, a phase A to ground fault is imposed in section 1 on the line between bus 2 and bus 5. The results are listed in Table 2 . Phases with abnormal vector values are listed in column 5. It is observed that the fault section identification vector of section 1 is significantly larger than pre-fault values. This observation indicates that a fault occurs in section 1. Moreover, phase A is the only abnormal phase, and thus the fault is determined as a phase A to ground fault. To facilitate identification faulted phases, the following process is used.
Let denote the fault identification vectors preceding the fault, and denote the fault identification vectors during the fault. Table 3 lists the absolute value of the difference between the magnitude of and the magnitude of . Table 4 lists the magnitude of the difference between and . Since and are phasors, Table 3 and Table 4 are different. It is clearly evinced from Table 3 and Table 4 that there is a significant increase in phase A identification index for section 1, so it is concluded that a phase A to ground fault occurs in Section 1. For multiple simultaneous faults, two faults are imposed in the study. One fault is phase C to ground fault, which is imposed in section 2 on the line between bus 9 and 11. The other fault is a three-phase fault, imposed on section 4 on the line between bus 18 and 20. The results are presented in Table 5 . The absolute value of the difference between the magnitude of and the magnitude of is listed in Table 6 . The magnitude of the difference between and is listed in Table 7 . Based on results listed in Table 5-Table 7 , it can be determined that there is a phase C to ground fault in section 2 and a three-phase fault in section 4. This result is accurate. Again, it shows that the change in identification vector is a more pronounced indicator than the identification vector during the fault. So, it is preferred to use either |(| |−| |)| or |( − )| to decide faulted types and sections. It is evinced that the proposed fault section identification method yields not only accurate fault sections but also fault types. It can be inferred that even with possible current measurement error, say 2 % error, the proposed indicator will still yield correct faulted sections and types. For example, examine second row of Table  7 . Even with possible current measurements, |Δ | will still be significantly larger than the values for phase a and b, thus clearly indicating phase C fault.
Network Partition II
In this part, fault section identification results of network partition II are presented. Various fault conditions have been studied.
The pre-fault fault section identification vectors are listed in Table 8 . It is noted that all vectors listed are small, which reflects the load currents and indicates there is no fault in the system. Note that the values of of section 2 and 3 are zero. The reason is that the line from bus 5 to 6 has phase B and C only. For single fault study, a phase B to ground fault in section 1 on the line between bus 2 and 4 is imposed. The simulation results are listed in Table 9 . Table 10 lists the absolute value of the difference between the magnitude of and the magnitude of . The magnitude of the difference between and the is listed in Table 11 . It is seen that of section 1 is significantly larger than the pre-fault value, which indicates a phase B to ground fault occurs in section 1.
For multiple simultaneous fault study, two faults are imposed. A three-phase fault is imposed on the line between bus 8 and 11 in section 6. The second fault is imposed in section 7 on the line from bus 13 to 16. Table 12, Table 13 and Table 14 present the results of studies. The fault section identification vectors indicate that there is a three-phase fault in section 6 and a phase B and C to ground fault in section 7. 
Fault Location
This section evaluates the performance of the developed fault location algorithms. Studies of different fault types, locations, and resistances have been performed, and results are presented.
The proposed methods have yielded quite accurate results for different fault conditions, as shown in Table  15 , where actual fault conditions are listed in columns 1-5, and estimated fault location errors are provided in the last column. It is worth pointing out that voltage measurements from one bus will be sufficient to locate single faults. Take voltage measurement from bus 1 as an example, the fault locations of first five cases listed in Table 15 can be obtained, and the estimation errors are 0.02 %, 0.02 %, 0.05 %, 0.14 % and 0.16 %, respectively. Table 16 presents the fault location results for cases involving three simultaneous faults using voltages from buses 1, 14 and 20. It is shown that highly accurate results are achieved by the proposed methods. 
Conclusion
This paper presents a novel graph-based method for identifying fault section in distribution network using current measurements. A fault location method applicable for simultaneous, multiple faults is also proposed. The proposed methods are applicable to power grid with distributed generations and with unbalances. Evaluation studies have demonstrated highly accurate results have been obtained by the proposed fault section identification and location methods. The methods will speed up locating faulted component, and thus expedite the repair and restoration process and reduce outage time.
